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Plants sense potential microbial invaders by using patternrecognition receptors to recognize pathogen-associated molecular patterns (PAMPs) 1 . In Arabidopsis thaliana, the leucine-rich repeat receptor kinases flagellin-sensitive 2 (FLS2) (ref.
2) and elongation factor Tu receptor (EFR) (ref.
3) act as pattern-recognition receptors for the bacterial PAMPs flagellin 4 and elongation factor Tu (EF-Tu) (ref. 5 ) and contribute to resistance against bacterial pathogens. Little is known about the molecular mechanisms that link receptor activation to intracellular signal transduction. Here we show that BAK1 (BRI1-associated receptor kinase 1), a leucinerich repeat receptor-like kinase that has been reported to regulate the brassinosteroid receptor BRI1 (refs 6,7) , is involved in signalling by FLS2 and EFR. Plants carrying bak1 mutations show normal flagellin binding but abnormal early and late flagellintriggered responses, indicating that BAK1 acts as a positive regulator in signalling. The bak1-mutant plants also show a reduction in early, but not late, EF-Tu-triggered responses. The decrease in responses to PAMPs is not due to reduced sensitivity to brassinosteroids. We provide evidence that FLS2 and BAK1 form a complex in vivo, in a specific ligand-dependent manner, within the first minutes of stimulation with flagellin. Thus, BAK1 is not only associated with developmental regulation through the plant hormone receptor BRI1 (refs 6,7) , but also has a functional role in PRR-dependent signalling, which initiates innate immunity.
PAMPs have key roles as activators of the innate immune response in animals 8 and, analogously, as 'general elicitors' of defence responses in plants [1] [2] [3] [4] [5] [9] [10] [11] . We have previously characterized FLS2 and EFR as the pattern-recognition receptors (PRRs) for flagellin (represented by a 22-amino-acid peptide, flg22) and for EF-Tu (represented by the peptides elf18 and elf26, which correspond to its amino terminus), respectively [2] [3] [4] [5] 10 . Flagellin and EF-Tu rapidly induce a common set of Arabidopsis genes for leucine-rich repeat receptor-like kinases (LRR-RLKs), including FLS2 and EFR themselves 3, 11 . This led to the assumption that some of these PAMPinduced LRR-RLKs might encode additional components of PAMP perception or signalling. Using a reverse genetic approach, we tested a collection of insertional mutants in these LRR-RLKs (previously used for identification of the EFR gene 3 ) for responsiveness to flg22 and found that two mutants with insertions in the LRR-RLK gene At4g33430 have reduced sensitivity to flg22 in seedling growth assays (Fig. 1a,b) . In more than 10 repetitions of seedling growth assays with these mutants, we always observed a clear reduction (but never a complete loss) of sensitivity to flg22 and flg22-related peptides. By contrast, the mutants seemed to be as sensitive as the wild type to treatment with elf18 in more than five seedling growth assays (Fig. 1b and data not shown). The LRR-RLK that is encoded by At4g33430 has been shown to interact with the brassinosteroid receptor BRI1 and was therefore named BRI1-associated receptor kinase 1 (BAK1) 6, 7 . We consequently renamed the allelic lines SALK_034523 and SALK_116202 as bak1-3 and bak1-4, respectively (Fig. 1c) . Both T-DNA insertion lines lacked the signal for BAK1 mRNA that is seen in wild-type plants when tested with appropriate primers by PCR with reverse transcription (RT-PCR; Fig. 1c) or by northern blot analysis ( Supplementary  Fig. 1 ). Complementation of bak1 mutants with wild-type BAK1 restored their responsiveness to flg22 (data not shown).
Brassinolide and other brassinosteroids are structurally related to the animal steroid hormones and control many aspects of plant growth and development 12 . The two bak1 mutants that have been previously characterized show a semi-dwarf phenotype and reduced sensitivity to brassinolide 6, 7 . Similarly, the bak1-3 and bak1-4 mutant lines showed reduced size when grown in soil (Fig. 1d ). In our standard growth assays to measure long-term flg22 and elf18 responses 2, 3 , exogenous brassinolide applied at 10 nM had a marginal growthpromoting effect in wild-type but not in bak1 mutant seedlings ( Supplementary Fig. 2a ). Treatments with 100 nM and 1 mM brassinolide stimulated the growth of bak1 and wild-type seedlings to the same degree, showing that any bak1-mediated defect was overcome by brassinolide at 100 nM or more. In the presence of 100 nM brassinolide, flg22 still inhibited the growth of wild-type much more than bak1-4 seedlings ( Supplementary Fig. 2b ), indicating that the growth inhibition that is induced by flg22 is independent of brassinosteroid signalling. Corroborating this conclusion, cabbage 1 (cbb1) mutant plants, which are defective in brassinosteroid synthesis 13 , were as sensitive to flg22 as were wild-type plants ( Supplementary Fig. 2c,d ).
To test whether BAK1 has a direct role in flagellin signalling, we studied some of the early responses that are triggered by PAMPs in plants. Wild-type plants responded rapidly to flg22 with the induction of an oxidative burst (Fig. 2a) . This response was clearly reduced and delayed in bak1-3 plants and almost abolished in bak1-4 mutants. Interestingly, the oxidative burst triggered by elf26 was also impaired in bak1-3 and bak1-4 mutants (Fig. 2b) , providing evidence that mutations in bak1 also affect EF-Tu responses. Signalling in response to flagellin and EF-Tu involves the rapid activation of MAP kinases (MAPK) 3 . In-gel assays with myelin basic protein (MBP) as a substrate showed that activation of MAPK was delayed and reduced or even absent after stimulation with EF-Tu or flagellin in the bak1-4 mutant, when compared to the wild type (Fig. 2c) . These results show that signalling and early responses to flg22 and EF-Tu are affected in bak1 mutants. Therefore, we propose that BAK1 is a positive regulator of PAMP signalling in Arabidopsis.
The reduced sensitivity of bak1 mutants to flagellin might be due to a reduction in the expression or function of the flagellin receptor FLS2. However, western blotting detected similar amounts of FLS2 protein in wild-type and bak1 mutant plants (Fig. 3a) . In addition, the amount and affinity of functional receptor binding sites were similar in wild-type and bak1 plants (Fig. 3b,c) . Similarly, bak1 mutants have been reported to show normal binding of brassinolide to BRI1 (ref. 14). Thus, BAK1 seems to regulate the function of both receptors, BRI1 and FLS2, at a step after ligand binding. There is evidence that BAK1 is involved in BRI1 endocytosis 15 , and we recently found that FLS2 undergoes ligand-induced endocytosis 16 . Compared to wild-type plants, bak1-3 mutants showed markedly reduced endocytosis of FLS2 (Supplementary Fig. 3 ). To test whether BAK1 interacts with FLS2, we used transgenic plants expressing Myc-tagged BAK1 in co-immunoprecipitation experiments (Fig. 4) . Immunoprecipitates with anti-FLS2 antibodies revealed very little BAK1-Myc in untreated controls (Fig. 4) . By contrast, the immunoprecipitates from plants stimulated with flg22 contained much more BAK1-Myc, indicating that FLS2 interacts with BAK1 in a stimulus-dependent manner (Fig. 4) . BAK1-Myc could not be detected in immunoprecipitates with control antibodies (Fig. 4a) , or in anti-FLS2 immunoprecipitates from non-transgenic plants (Fig. 4d) . The reciprocal immunoprecipitation using anti-Myc antibodies confirmed the flg22-dependent heteromerization of BAK1 and FLS2 (Fig. 4b) . We used immunoprecipitates such as those presented in Fig. 4a,b to study flg22 binding (Fig. 4c) . Immunoprecipitates obtained with anti-FLS2 antibodies contained similar, large amounts of FLS2-binding sites, regardless of flg22 treatment. Thus, FLS2 binds flg22 independently of its association with BAK1.
Immunoprecipitates obtained with anti-Myc antibodies prepared from untreated plants did not contain FLS2 (Fig. 4b) and had negligible flg22 binding (Fig. 4c) , showing that BAK1 by itself does not bind flg22. By contrast, anti-Myc immunoprecipitates from flg22-treated cells contained FLS2 (Fig. 4b) and were able to bind flg22 (Fig. 4c) . Fewer binding sites were detectable in this precipitate than in the immunoprecipitates generated with anti-FLS2 antibodies, indicating that only a fraction of the FLS2 present in the solubilisate was pulled down in association with BAK1. Ligand-induced formation of the FLS2-BAK1 complex was specific for flg22 and did not occur after stimulation of the plants with elf26 (Fig. 4d) or treatment with brassinolide (Fig. 4e) . Moreover, the antagonist peptide flg22-D2, which binds FLS2 without activating a response 10 , failed to induce complex formation (Fig. 4e) . Pre-treatment with the protein kinase inhibitor K-252a, which inhibits elicitor responses 4, 17 , reduced the flg22-induced formation of the complex between the two serine/ threonine kinases 6, 7, 18 BAK1 and FLS2 (Fig. 4f) . We could not trigger an association of FLS2 and BAK1 in vitro by adding flg22 to extracts of untreated plants (data not shown). In vivo, however, complex formation occurred rapidly-within 2 min of treatment with flg22 (Fig. 4g) . These kinetics are consistent with the idea that the FLS2-BAK1 complex is involved in receptor activation, as the earliest flg22-triggered responses can be measured after about 2 min of lag phase 4 . Ligand-induced dimerization is important for the activation of receptor kinases in animals 19, 20 . Interestingly, classifying receptor kinases according to the occurrence of an arginine-aspartic acid (RD) motif in the catalytic site, FLS2 belongs to the non-RD class and BAK1 to the RD class 21 . This extends the similarity of signalling by PRRs in plants and animals highlighted in a recent review 21 : PAMP recognition in animals through Toll-like receptors initially involves interaction with interleukin-1 receptor-associated kinase 1 (IRAK1), a non-RD kinase, and subsequently with IRAK4, an RD kinase.
BAK1 also associates with BRI1 (refs 22,23) , an RD kinase 21 . However, the physiological responses that are triggered by BRI1 and FLS2 are very different. Therefore, BAK1 probably does not determine the specificity of the signal output; rather, it is likely to have a common role as an adaptor or co-receptor for the regulation of various receptors. Recent findings also show that bak1 mutants have altered susceptibility to microbial pathogens such as oomycetes and true fungi 24 , indicating that BAK1 might regulate PRRs other than FLS2 and EFR.
Clearly, bak1 mutants retain partial sensitivity to flagellin and EF-Tu. One possible explanation for this is that closely related proteins might substitute for BAK1: BAK1 is also named SERK3 because it belongs to the SERK (somatic embryogenesis receptor-like kinase) family, which comprises five closely related LRR-RLKs 25 . The different SERKs might be partially functionally redundant, as reported for SERK1 and SERK2 (refs 26,27) . BRI1 was recently found in complex with SERK1 (ref. 28) , indicating that BAK1 might be substituted by other SERKs. In contrast to the serk3 (bak1) mutants described in this report, however, the other single mutants serk1, serk2, serk4 and serk5 showed no defect in flg22 and elf18 responses (data not shown). In ongoing work we are trying to establish mutants in multiple SERK genes. However, as found for the serk3 serk4 double mutants, which die within 2 weeks of germination (data not shown, and J. Li, personal communication), this straightforward genetic approach might be impeded by essential functions carried out by the SERK proteins.
In conclusion, receptor activation of FLS2 by its ligand flagellin involves rapid complex formation with BAK1. Our results widen the scope for BAK1 function in a way reminiscent of the TOLL receptor in Drosophila, which controls embryo development as well as innate immunity 29 : BAK1 has at least two roles in plants, being a positive regulator of PAMP receptors (thus influencing innate immunity) and of the plant hormone receptor BRI1 (thus influencing development).
METHODS SUMMARY
The Arabidopsis plants used in this study were grown as one plant per pot at 20-21 uC with an 8 h photoperiod, or on plates containing MS salts medium (Duchefa), 1% sucrose, and 0.8% agar under continuous light. The BAK1 T-DNA insertion lines SALK_034523 (bak1-3) and SALK_116202 (bak1-4) were generated by SIGnAL 30 and obtained from the Nottingham Arabidopsis Stock Centre (Nottingham, UK). BAK1-and T-DNA-specific primers were used to select plants homozygous for the inserts. cbb1 (cabbage 1) mutant seeds 13 were obtained from the NASC collection. The flagellin peptide flg22, flg22-D2 and the EF-Tu peptides elf18 and elf26 used in this study have been described 4, 5, 11 . The peptide flg22
Xac (QRLSSGLRINSAKDDAAGLAIS), which is equivalent in its action to flg22, was synthesized according to the sequence of the flg22-domain in Xanthomonas axonopodis pv. citri.
Assays for seedling growth inhibition, oxidative burst, in-gel MBP protein kinase activity, flg22-binding assays and western blot analysis with anti-FLS2 antibodies were performed as described 4, 5, 10, 11 . For co-immunoprecipitation experiments, seedlings transformed with a pBAK1-BAK1-Myc construct were extracted and immunoprecipitated with anti-FLS2 antibodies, anti-Myc polyclonal antibodies (Upstate), or anti-GFP rabbit serum (Molecular Probes). Immunoprecipitates were analysed by western blot with anti-Myc polyclonal antibodies or FLS2 antibodies.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
